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SUMMARY: An expert system is linked to an 
previouely reported optimization program. The 
expert system prompts the user for information 
about a groundwater contamination problem. The 
expert system determines whether pumping is a 
suitable containment strategy. If appropriate. 
it selects several well arrangements to be 
evaluated by an optimization algorithm. 
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INTRODUCTION 
Pressure to protect groundwater has increased ae the public 
has realized the serious threat posed by groundwater 
contamination. Remediation or prevsntion of groundwater 
contamination is increasingly important for all water users. 
Inadequate responss to contaminant situations may result in 
unnecessary damage. Excessive response may be unnecessarily 
expensive. Timely decisions must be made to develop corrective 
strategies for each particular contamination situation. Needed is 
the systematic development of tools or methodologies for 
optimizing remedial actions. This paper describes one such tool-
an expert system that includes an optimization algorithm. 
Expert systems are computer programs designed to emUlate the 
logic and reasoning processes humane would use to solve a problem 
in their field of expertise. Interest in expert systems has grown 
rapidly with the emerging availability of artificial intelligence 
-based techniques and tools. By emulating human reasoning to 
combine objective and subjective knowledge, expert systems expand 
the availability of specialized expertise. 
Methods of preventing contaminant spread include 
construction of artificial barriers to groundwater flow and/or 
extraction/injection of water from/to the aquifer. Cost of 
installing and maintaining the different types of artificial 
barriers varies greatly as does their reliability. Extraction/ 
injection (E/I) methods have comparatively low installation cost 
and good reliability, but are commonly used as transitional 
elements of remedial action efforts. They are less often used as 
lang term solutions. 
There are many solutions to contamination problems. Solution 
selection must be Situation-specific and be based on the 
expertise of the decision maker(s). A method is needed for 
systematic and efficient evaluation of alternatives and for 
intelligent strategy selection. 
This 
decision 
problems. 
paper describes an expert system that performs the 
making required to handle groundwater contamination 
The system queries the user for input of aquifer 
parameters, 
confidence 
describes 
confidence 
contaminant information, time parameters and his 
in this input. The system outputs a decision that 
the type of solution it feels is best and its 
in this decision. It also answers questions concerning 
how the decision was made. 
1 
PREVIOUS WORK 
Palmer (1985) provides a good overall review of artificial 
intelligence and expert systems-a rapidly developing field. He 
describes HYDRO (2) as the most successful application of expert 
systems to a Qater resource problem. HYDRO Qas developed to aid 
in the calibration of a large hydrologic Qatershed model. It 
uses Qatershed characteristics to calculate initial parameter 
values. HYDRO calculates the "most likely" values and certainty 
factors for the parameters. A unique feature permits the u.ser 
to specify hOQ the certainty factors associated Qith the 
parameter estimates are used. 
Another example of the application of an expert system to 
Qater resources is given by Cuena (1983). Cuena reports the 
development of an expert system designed to operate flood control 
dams during emergencies and to plan for best handling of 
flooding in flood prone areas. The system includes a series of 
simulation models that predict the hydrologic condition of a 
Qatershed. These permit the expert system to provide guidance on 
operation based upon updated, predicted conditions. The system 
is driven by a set of physical rules (that describes relations 
bstQeen rainfall, infloQ. and flood level) and a set of operation 
rules (for civil defense and dam operation). 
Johnston (1985) prssents an expert system for aiding the 
operation of an activated sludge QasteQater treatment facility. 
Production rules. typically of the "if-then" structure. are used 
for knoQledge representation. Production rules define the paths 
by ~hich an input into the system can reach a goal state 
(terminal conclusion). The program requests additional 
information to resolve inconsistencies. Control strategies are 
produced and directions for future efforts are presented. 
James and Dunn (1985) describe a comprehensive expert system 
to control city-~ide flooding and pollution. The system 
incorporates the experiences of several experts in model 
verification, sensitivity analysis, calibration and validation. 
It provides information on storm intenSity, sewer system flows, 
pollutant concentrations, and status of diversions and storage. 
It directs excess floQS through diversion structures and 
indicates Qhen to bypass the se~age treatment plant. 
Expert system use in agriculture has been proposed and 
documented by several authors. Huggins. Barrett and Jones (1986) 
suggest application in decision support, i.e. diagnosing plant 
and animal disease and developing marketing strategies. and 
machine intelligence, i.e. developing new sensors and 
manipulators. Whittaker. Foster and Marke (1986) developed a 
skeletel expert system called ADAM (Adaptive Aseembler for 
Models) that allo~s a user to easily custom build models 
involving conventional equations and human expertise. In a 
related paper. Thieme and Whittaker (1986) describe several 
methods of representation and reasoning that are useful for 
specific types of problems. They discuss t~o ~idely used rule 
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paradigms-pattern matching and parameter driven 
describe ho~ for~ard and back~ard chaining are 
each system. 
systems. They 
implemented in 
Specific applications of expert systsms in agricultural have 
been sho~n. Jones. et. al .• (1985) developed an expert system 
from an off-the-shelf soft~are shell to control a greenhouse 
misting system that allows dynamic implemsntation of a gro~er's 
perceived optimal misting strategy. Kl ine. et. al.. (1985) 
developed an expert systsm for sizing and selecting machinery for 
~hole-farm cropping systems. It also integrates a ~hole-farm 
management linear program (LP) ~ith the kno~ledge-based expert 
system. 
An expert system to aid in identifying groundwater pollution 
sources has been presented by Datta and Peralta (1985). Their 
paper presents an approach for developing an expert system to aid 
the identification of locations and magnitudes of a finite number 
of groundwater pollution sources. A pattern recognition algorithm 
is used as a secondary knowledge base. The finite sequential 
recognition algorithm is accessed from within the kno~ledge base. 
The expected risk in the pattern classification decision and a 
heuristic confidence threshold is compared to decide on the 
acceptability of the source identification. 
The purpose of our paper is to describe an e~pert system 
that optimizes extraction/injection for groundwater contaminant 
containment. The first part of the system determines if 
extraction/injection is the best containment approach for the 
particular contamination situation. The second part af the system 
is an optimization program that develops extraction/injection 
strategiee. 
I1ETHODOLOGY 
I10st commercially available expert system shells are based 
on a single computational model (i.e. production rules? deductive 
retrieval, etc.). We ~anted a system that would combine these. At 
least part of what constit~tes expertise in a particular domain 
is the ability to select a problem solving strategy ~hich not 
only works, but is somehow better than the alternatives. 
Therefore. a rule-based expert system shell was developed 
specifically for our use with the Prolog language. Prolog 
represents facts using an operator followed by arguments (an 
argument can be thought of as the subject of the sentence). The 
operator either describes its arguments or defines a relationship 
between them. 
All rule-based systems have three elements-facts. rules and 
a reasoning strategy. Facts contain knoYledge about the states or 
values of objects that describe the problem. Facts are dynamic 
because they change as the system executes. Rules contain 
knowledge about relationships bet~een these facts. They are 
static. The part of the kno~ledge system that uses the rules to 
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reason about the problem is contained in a group of inference and 
control strategies collectively referred to as the inference 
engine. 
Our system is a pattern matching rule based system. In a 
pattern matching system the postulate is made up of predicate 
clauses that may contain constants andlor variables. For example, 
a Prolog predicate clause might be male(fred). This clause would 
have a truth value of true if the system knew the fact that fred 
is a male. A Prolog clause may also contain a variable. For 
~xample, a clauss may be male(7who) where ?who is a variable. 
This clause can only take on a truth value after the variable has 
been given a value. If 7who had been assigned the value fred, the 
truth value of male(7who) is true. 
Specifically,our contamination remediation expert system 
uses production rules (if-then rules) to control the data 
acquisition phase, uses a forward chaining system for Boil/site 
characterization and uses a backward chaining theorem-prover to 
handle user interaction. 
For example, a forward chaining, pattern matching system 
starts with a set of facts. All of the rules that can be verified 
using those facts are fired. The rules that fire add new facts to 
the knowledge base, causing more rules to be verified and fired. 
This process continues until either the goal fact (necessary 
terminal conclusion) has been attained or until there are no more 
rules that can be applied. When the process stops, the fact set 
represents all of the implications or effects that may be 
inferred about the problem. 
Our knowledge base is structured into frames to represent 
the available facts. Frames are powerful knowledge representation 
structures similar to a matrix in conventional programming. A 
frame consists of a set of slots related to a specific argument. 
For instance, a frame called field_7 may have a slot called 
last_irrigated with a value of jUly_10. 
The core of the expert system is in the inference engine 
where the determination of the best method of containing a 
groundwater contaminant plume (so there is no movement of the 
plume or additional contamination of groundwater) is made. 
Factors that are considered are type of contaminant. soil and 
aquifer characteristics, site characteristics and cost. 
When building an expert system one must first decide what 
knowledge the system will contain and how the system will be 
used. In our system the knowledge domain was purposely kept 
narrow-it focuses on just one aspect of groundwater 
contamination. Assuming groundwater is already contaminated the 
system only needs knowledge for deciding how best to prevent 
contaminant movement or increased contamination. The system does 
not try to perform a comprehensive human risk assessment nor does 
it try to determine the best way to clean up the aquifer. However 
these are forseeable additions to an enhanced system. 
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The system is capable of answering "why?" particular input 
is needed~ thus permitting information exchange. Domain 
information is used by the system in three ways: 
1. To aid the user in organizing all needed information to 
analyze a contamination problem. 
2. To use model results to propose the best possible containment 
strategy for a particular problem. 
3. To evaluate the overall confidence in the 
subjective and statistical confidence of 
estimations and of the user's understanding of 
solution based on 
input parameter 
model assumptions. 
An expert system should avoid alienating the user by 
treating him as if he knows nothing about the subject area. The 
general purpose of an expert system is to make decisions. but the 
degree of decision making should depend on user expertise. This 
system Qas designed assuming its user is familiar with the basic 
terminology and underlying principles of soil charaterization, 
groundwater flow, and the basic parameters needed to solve the 
problem. 
The user may ask the system "why" in response to any 
question. The system will respond with a brief and sometimes 
general explanation of why certain input is important. In some 
cases the system indicates how data may be used by the model. In 
appropriate situations. the system will discuss the logic it used 
up to the point of query. 
In order to evaluate a contamination problem, human experts 
systematically characterize existing soil. site. and pollutant 
conditions. Modular design allows the expert system to use the 
same approach. Separate modules perform soil. site. and pollutant 
characterizations. Each of these three modules contains 
Bubmodules which check major assumptions, estimate input 
parameters, access small databases. issue warnings, and offer 
explanations and advice. Figure 1 is a flow chart showing the 
following expert system procedure. 
The system first explains that it is analyzing three 
possible containment strategies; slurry trench. sheet piling and 
pumping. It then explains that the analysis is based on the 
containment method (any of the three) being one of completely 
encircling the contaminant plume in the shape of an octagon which 
would be centered on the assumed point source of the contaminant. 
Soil characterization: 
The first step in completing a comprehensive site evaluation 
is to characterize existing soil conditions. The system asks if 
the user underetands the transport model assumption of soil 
homogeneity. If the user answers Ilno'I, "why'l, or "unknown", the 
system responds with a brief explanation and will either 
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ccntinue or ask the user if the assumption has been learned. If 
the user still does not understand. the system will repeat the 
same explanation. It makes no effort to clarify its explanation. 
Without letting the user know. the expert system will lower 
its overall confidence in the consultation at appropriate times. 
These include each time the user: 1) does not understand a basic 
model assumption after the first time he is asked and 2) needs 
aid in estimating input parameters. Similarly, a human expert 
would most likely lower confidence in a consultation if his or 
her client did not demonstrate a basic understanding or provide 
exact information. The system starts with the smallest individual 
confidence factor given by the user as he enters required data 
asked for by the system. The logic behind this is simply that the 
system can be no more confident in its recommendation" than the 
user is in his least confident piece of data. The system then 
adjusts this confidence based on user responses as dsscribed 
previously. This overall confidence is used as the confidence 
limits in the optimization program that follows the expert system 
(The system's confidence interval ranges from 0% - 100%). In 
short, the lese a user knows about a given situation, the less 
confidence the system has in its recommendation for containing a 
contaminant plume. 
Once the user understands the homogeneity assumption. the 
system asks the user for Boil parameters. The first questions 
concern the amount of rock in the soil and the condition of the 
stratification (interface) between the soil and the bedrock. The 
answers to these questions determine whether sheet piling or a 
slurry wall are viable alternatives for plume containment. If 
I'unknown" is given as the answer to either of these questions the 
system assumes that particular method is a viable alternative 
(and lowers the overall confidence accordingly). The user is then 
asked to select a soil type that best describes the soil of the 
aquifer from a selection table (fig. 2). Using this soil type. 
the system estimates ranges of effective porosity and hydraulic 
conductivity from a soil fact database (fig. 3). 
The optimization program requires a mean and variance for 
both transmissivity and effective porosity. The expert system 
provides this as a posterior probability distribution function 
(pdf) by specifying a mean and variance. The expert system 
computes these based on Bayesian theory of prior knowledge of 
what the pdf should be and, if current information is available, 
a I'likelihood'! distribution based on this current information. 
Bayes theorem states: 
posterior pdf = prior pdf * likelihood pdf 
Three 
hand Ie; 1. 
values for 
parameter. 
possibls situations exist that the expert system will 
no field or lab data. 2. Three or less field or lab 
each parameter. 3. four or more values for each 
If no field or lab data is available the posterior pdf used 
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by the optimization program is the prior pdf. The expert system 
baees its prior mean and standard deviation on the range of 
values it obtains from the soil fact database. This range of 
values is assumed to span the mean + 3 standard deviations. With 
this assumption the system calculates a mean (Xo) and standard 
deviation (Vo) based on a log-normal pdf for hydraul ic 
conductivity (K) and based on a normal pdf for effective porosity 
(S) • 
Field data values for hydraulic conductivity and effective 
porosity are then requested. If there are 4 or more field data 
values for these aquifer parameters, the "lik~lihood" pdf of 
Bayes theorem is developed by using the mean (X) and standard 
deviation (V) of the field data values. Subsequently, this is the 
posterior pdf given to the optimization program. 
If there are less than 4 field values for these parameters, 
the likelihood pdf and prior pdf are multiplied together. (If 
only I value is given for a particular parameter the likelihood 
standard deviation is assumed the same as the prior standard 
deviation.) The mathematics of multiplying the likelihood pdf by 
the prior pdf has been previously derived (Lindley, 1970). The 
resulting formulas for computing the mean and variance for the 
optimization program are: 
Posterior mean 
-2 -2 
E(K);exp[{ 1/«ln(Vo» + (In(V» J* 
-2 -2 
((In(Vo)) In(Xo) + (In(V» In(X) JI 
-2 -2 -2 -2 
E(S) ; [!/(Vo + V I[Vo Xo + V Xl (1) 
Posterior variance 
-2 -2 -I 1/2 2 
VAR(K) ; [exp(({ (In(Vo» + (In(V» J 1 JJ 
-2 -2-1 
VAR(S) ; [Yo + V I (2 ) 
Site characterization: 
Once soil characterization is accomplished, the system asks 
questions to characterize the site environment. The system 
establishes ~hether the user understands the simplifying 
assumption of a steady state environment (that all conditions 
such as preCipitation are assumed constant over the entire 
planning period) and that no other remedial action (such as a 
clay cap) has been attempted. If he does not, a brief explanation 
is given. 
The system requeets the average monthly preCipitation 
the contaminated area during the planning period. The user 
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in 
must 
input a value for this parameter since it will not be estimated 
by the expert system. The user is then asked to describe the 
study area drainage from a list of drainage classes (fig. 4). 
Precipitation and drainage inputs are used to provide a safety 
factor for estimating the farthest extent of the plume at the 
current time (if this is not known) and the additional distance 
the plume might travel before a containment strategy is 
implemented. The system then asks for the average depth to the 
aquifer. the average saturated thickness of the aquifer and the 
average hydraulic gradient (all three must have a confidence 
factor associated with them). These values are used to estimate 
plume movement and make economic comparisons between strategies. 
Contaminant characterization: 
The third and final knowledge base module characterizes the 
contaminant. The systsm queries whether the user understands 
the assumption that water is the contaminant carrier and that 
advection is the major mechanism of contaminant movement. The 
system asks what the pollutant is. If certain chemical compounds 
are specified (alcohol~ hydrochloric acid, certain hydroxides, 
etc.) a bentonite slurry wall is eliminated as a possible 
containment stratsgy. The user is then asked to give the number 
of days since the contamination problem began. The user must 
estimate this period and assign a confidence factor to that 
estimate (he may give a time when he knows there was no leak: 
100% confident). The user is asked to estimate the number of 
days until the containment etrategy must be implemented (with a 
confidence. factor). The farthest extent of the plume at the 
current time is then requested (assuming a point contaminant 
source). If unknown. the systsm will calculate the distance using 
Darcy's equation and safety factors developed from the 
precipitation and drainage parameters. If known, the system 
compares its calculated value with that given by the user. The 
system issues a warning if the given value differs from the 
calculated value by more than 40%. Then. using the current extent 
of the plume. hydraulic gradient and conductivity and the time 
until the containment strategy will be implemented. the system 
estimates what the extent of the plume will be at the given 
future time. 
The current expert system assumes that contaminant spillage 
ceased prior to the current time. Future versions of the system 
may assume that contaminant is still entsring the aquifer. In 
such case additional pertinent questions might include: 
1. What total volume of contaminant has entered the aquifer? 
2. Is it still entering the aqUifer? 
3. At what rate? 
These questions, ho~ever, are not used at 
versions may use this information to 
remediation strategies as well. 
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DECISION ANALYSIS 
The final analysis includes economic considerations. By this 
paint the system haa eliminated containment methods that are 
inappropriate (because of irregular stratification. largs psrcent 
of rock in the soil. too low of a hydraulic conductivity). The 
system informs the user it is assuming use of Btiitable 
containment methods for only a short period of time until the 
problem can be better analyzed and a suitable long-term remedial 
action can be planned. Therefore. only capital costs are 
considered in subsequent analysis. 
Capital costs are based primarily on the extent of the plume 
(in 2 dimensions) and the depth to the bottom of the aquifer. 
Unit costs used in the analysis are based on federal estimates 
(Rogoshewski et.al •• 1983). Before the economic analysis is 
performed the user is told that the unit costs are based on 1986 
prices. He must input a coefficient to convert these costs to 
whatever year is applicable. Comparisons are made between slurry 
walls. sheet piling and pumping (if all three are still viable 
strategies). These cost estimatss are cursory estimates and 
include simple assumptions of pump spacing and eize. If pumping 
ie determined to be the most economical remedy based on capital 
costs the expert system asks the user within what time period 
the plume should be stabilized. It then transfers the required 
data to the optimization program for strategy development. If the 
resulting calculated optimal pumping values and spacing are quite 
different from those assumed in the economic analysis another 
economic analysis of the pumping is suggested by the system. 
SYSTEM VALIDATION 
A complete validation process is the most important step in 
building a viable expert system. Unfortunately. it is the most 
difficult. Ideally. we would like to use documented field 
contamination problems to compare what the expert system 
recommends with what was done in the field or with what an 
"expert" recommended. 
So far. we have tested the expert system on a hypothetical 
situation previously used to test the optimization program 
(Peralta and Ward. 1986). Following is the expert system run for 
this hypothetical situation: 
This system will detsrmine. based on input from you about the 
contamination problem. the best possible strategy to contain the 
contaminant plume. 
This system analyzes three possible containment strategies; 
slurry trench. sheet piling and pumping. All three strategies are 
based on the assumption that the contaminant is from a point 
source and that the containment strategy completely encircles the 
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contaminated area in the shape of an octagon which is centered on 
the assumed point source of the contaminant. 
The following questions are intended to characterize the soil 
enviroment. 
Do you understand that the system assumes the soil is homogeneous 
in the area of contamination? 
» why 
The system assumes a homogeneous soil in the area of 
contamination. This assumption is important in maintaining a 
constant pollutant velocity. If nonhomogeneity exists. the 
pollutant will travel at varying velocities. This situation 
requires a more sophisticated model than the one incorporated 
within this system. 
Do you understand that the system assumes the soil is homogeneous 
in the area of contamination? 
» yes 
What is your estimate of rock in the soil? 
followed by a semi-colon and your confidence 
answer (0-100). 
none 
small 
»small 85 
(Give your 
(in per cent) 
answer 
in the 
What is the condition of the stratification betwsen the soil and 
the bedrock? 
very irregular 
slightly irregular 
regular 
» why 
If the interface between the soil and bedrock is highly 
stratified it would be necessary to key the elurry trench into 
the bedrock to provide an impermeable barrier. This causes the 
slurry trench to be cost prohibitive and not a viable solution. 
» unknown 
It is assumed that a slurry trench can be used as a containment 
strategy. 
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What soil type best describes the soil of the aquifer? 
confidence factor) 
(figure 2 shows on the screen) 
» sandy-loam ; 80 
{with a 
Enter any field or lab values for hydraulic conductivity (mid). 
Each value should be separated by a comma. If no values are 
available simply hit return. 
» 20, 30, 40 
Enter any field or lab values for effective porosity. Each value 
should be separated by a comma. If no values are available simply 
hit reurn. 
» 0.2, 0.3, 0.4 
Based on the soil type given and the field or lab values given: 
the mean hydraulic conductivity is 25 
with a variance 1.3 
the mean effective porosity is 0.31 
with a variance of 0.002 
** Soil Characterization Complete ** 
The following questions are intended to characterize the site 
environment. 
Do you understand the system assumption that constant 
environmental conditions exist (and no other remedial action has 
been attempted) throughout the containment period? 
» yes 
Estimate the average monthly precipitation (em/month) at the site 
during this time of year? (with a confidence factor) 
o 5 
5 10 
> 10 
»5 10 ; 90 
How would you describe drainage at the site? 
(figure 4 shows on the screen) 
11 
» somewhat excessive 
What is the average depth (m) to the water table? 
confidence factor) 
(with a 
» 35 ; 70 
What is the average saturated thickness (m) of the aquifer? (with 
a confidence factor) 
» 40 ; 70 
What is the average hydraulic gradient (in per cent) of the 
potentiometric surface of the aquifer? (with a confidence factor) 
» why 
The gradient will be used to calculate 
extent of the plume at the time the 
implemented can then be estimated. 
» 0.54 ; 60 
the Darcy velocity. 
containment strategy 
** Site Characterization Complete ** 
The 
is 
The following questions are intended to characterize the 
contaminant. 
Do you understand the system assumption that water is the 
contaminant carrier and that advection is the major mechanism of 
contaminant movement? 
» no 
These are assumptions that greatly simplify the 
plume movement. A more sophisticated modsl 
mechanical dispersion or molecular diffusion are 
contaminant transport. 
Do you understand this assumption? 
» yes 
prediction 
is needed 
mechanisms 
of 
if 
of 
Does the contaminant contain any of these compounds (greater than 
1%)? (if none hit rsturn) 
alcohol suI furic acid calcium hydroxide 
hydrochloric acid sodium hydroxide brine (s.g. > 1.2) 
» why 
These compounds could possibly incrsase the permeability of a 
bentonite slurry trsnch by as much as 10 times. 
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» (user hits return) 
Estimate the length of time (days) until a containment strategy 
can be implemented? (~ith a confidence factor) 
:>:> 5 : 9<21 
Do 
(m) 
you know the present detectable maximum extent of the 
from its point source? (~ith a confidence factor) 
:» 7<21 : 7<21 
plume 
The system estimate for the present extent of the contaminant 
plume is 61 m. The system estimate for the future extent of the 
plume at containment implementation is 335 m. The 335 m distance 
will be used for the economic analysis. 
** Contaminant Characterization Complete ** 
The unit coate for the economic comparisons are based on 1986 
prices. Enter a coefficient to update these unit costs. (enter 
1.<21<21 if 1965 coets are acceptable) 
:>:> 1. <21<21 
Each side of the containment octagon ~ill be 274 m in length. The 
pumping oost estimate ~ill be based on a pump spacing of 1/4 of 
the side length and a 1965 pump cost of $15<21<21. 
Please be patient ~hile the system makes an economic comparison 
bet~een a slurry trench, sheet piling and pumping. 
The system recommends a pumping containment strategy. Its 
confidence in this recommendation. is 58%. 
Do you have any questions about: 
1. recommendation 
2. confidence value 
3. none 
Indicate by a number. 
»2 
The system confidence 
5<21% in the hydraulic 
stratification in the 
Any other questions? 
» 1 
of 58% is 
gradient 
bedrock. 
based on the user's confidence of 
and the user being unsure about 
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The pumping capital costs ~ere much smaller than the costs for 
either the eheet piling or the slurry ~all. If this containment 
strategy is to be used for a great length of time then the 
operating cost of the pumps should be taken into account. 
Within ~hat period of time (days) should the contaminant plume be 
stabilized? 
» 8 
Input to the optimization program ~ill be: 
transmiseivity 2 
mean - 1200 m Id 
variance - 52 
effective porosity 
mean - 0.31 
variance - .002 
octagon side length - 274 m 
time period to stabilize plume 8 days 
pump spacings - 1/2. 1/4. 1/8 of side length 
This is the end of the expert system analysis of the 
hypothetical contamination problem. With the given input values 
the optimization program ~ill determine the most economical 
pumping scheme to attain as nearly a horizontal gradient as 
possible within the 8 day time period specified by the user. It 
~ill optimize pumping for 3 different ~ell spacings and give 
results for each. 
For the relatively large contaminant plume of the 
hypothetical problem the pumping capital costs are 30 times less 
than the capital costs for the other two containment methods. 
However7 costs are more similar in cases of smaller contaminated 
areas. In addition. if it is anticipated that the containment 
strategy will be used for any extended period of time the 
operating costs for the pumping may become an important factor in 
the decision. This is not. at this time. considered in the expert 
system but it is an integral part of the optimization program. 
CONCLUSION 
An expert system is developed to provide assistance in 
assessing ho~ best to contain a contaminant plume in groundwater. 
The system requests. from the user. pertinent information about 
the Boil ch~racteri8ticB' site characteristice, and the 
contaminant plume. Based on this information. the system analyzes 
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three containment methods; slurry ~all. sheet piling and pumping. 
The system recommends a containment method and (if pumping is the 
method chosen) sends required data to an optimization program. 
The current expert system compares the three containment 
methods based on the physical characteristics ot the 
contamination problem and the capital costs of each method. At 
present the length of time for ~hich the containment method ~ould 
be used is not considered. Therefore. operating costs for the 
pumping strategy are not included in the analysis. These 
operating costs are being added to the analysis to provide a 
better comparison bet~een the three containment methods. 
There are many additions that can be made to provide a more 
expanded expert system analysis. Ho~ever. this system does 
provide a ~ell structured method of analyzing a contamination 
problem and it develops analytical values for transmissivity, 
effective porosity and size of containment octagon for the 
optimization program. 
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Soil Type % clay % sand % silt 
sand <10% )90% )90% 
sandy-loam <20% )85% 50-70% 
sandy-cilay 35-55% 60-85% 50-65% 
silty-clay 40-60% 20-40% 40-60% 
clay )40% 30-75% <60% 
loam 5-25% 40-60% 75-95% 
Figure 2 - Soil type selection table 
Hydraulic Effective 
Soil Type Conductivity(m/d) Porosity 
sand .078-571 .13-.40 
sandy-loam .050-250 .16-.46 
sandy-:clay .001-1.0 .01-.39 
-3 
silty-clay (.77-600) 10 .01-.28 
-6 
clay (1-400) 10 .01-.46 
loam .02-16 .01-.46 
Figure 3 - Soil fact database 
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Drainage Class 
Very poorly drained 
Poorly drained 
Somewhat poorly drained 
Moderately well drained 
\lell drained 
Somewhat excessively 
Excessively drained 
Observable action 
\later remains at or on the Bur face 
most of the year 
\later remains at or on the surface 
much of the year 
Soi Is are wet for significant portions 
of the year 
Soils are seasonably wet (high spring 
water table) 
\later readily removed from the soil 
\later is rapidly removed from the soil 
(e.g. uniform drained sands) 
Very rapid removal of water. 1 itt1e or 
no retention 
Figure 4 - Drainage selection table (reference: Ludvigsen. P.J.) 
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